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Abstract: Objectives: Prostate cancer is characterized by diverse genetic mutations that influence disease progres-
sion and treatment response. This study was launched to explore the genetic basis of prostate cancer patients.
Methods: We employed Next Generation Sequencing (NGS) to analyze 14 cancer-susceptible genes in prostate can-
cer patients. Results: Our study identified genetic mutations in BRCA1, BRCA2, TP53, and PMS2. In BRCA1 gene, we
identified two pathogenic mutations, ¢.181T>G (p.Cys61Gly) and c.2457delC (p.Ala819fs), found in 10 patients, along
with three benign mutations, ¢.5357T>G (p.Leu1786Arg), ¢.1111T>C (p.Leu371Pro), and ¢.1201C>G (p.Thr401Arg),
present in 13, 11, and 15 patients, respectively. For the BRCA2 gene, one pathogenic mutation, ¢.6275_6276del
(p.Val2092fs), was detected in 10 patients, and four benign mutations, ¢.5347A>T (p.Met1783Leu), c.5198A>G
(p.Asp1733Gly), ¢.5158A>G (p.Thr1720Ala), and ¢.5117G>C (p.Gly1706Ala), were found in 17, 21, 34, and 12
patients, respectively. In the TP53 gene, we found two pathogenic mutations, ¢.1014_1015insT (p.Glu339Ter) and
€.916C>T (p.Arg306Ter), in 10 and 11 patients, respectively, and two benign mutations, ¢.311T>C (p.Ser104Pro)
and ¢.1129C>T (p.Arg377Cys), in 8 and 9 patients, respectively. Lastly, the PMS2 gene exhibited 16 benign muta-
tions. Notably, the detected pathogenic mutations are rare in the broader Asian population according to the gnomAD
database. Functional analyses using RT-gPCR and immunohistochemistry showed decreased expression of BRCA1,
BRCA2, and TP53 in samples with pathogenic mutations, corroborating their impact on tumor suppressor function.
Furthermore, drug sensitivity analysis revealed that BRCA1 and BRCA2 mutations are associated with increased
sensitivity to a range of chemotherapeutic agents, supporting the concept of synthetic lethality. However, TP53 did
not significantly impact drug sensitivity. Conclusion: This comprehensive analysis emphasizes the critical roles of
BRCA1, BRCA2, TP53, and PMS2 in prostate cancer pathogenesis and highlights the importance of population-
specific genetic screening.
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Introduction counts for approximately 15% of all new cancer
diagnoses in men, with an estimated 1.4 mil-

Prostate cancer is the second most common lion new cases and 375,000 deaths annually

cancer in men worldwide and remains a leading
cause of cancer-related mortality [1, 2]. Ac-
cording to the Global Cancer Observatory
(GLOBOCAN) 2023 data, prostate cancer ac-

[3, 4]. The burden of this disease is signifi-
cant, particularly in developed countries where
screening practices and an aging population
contribute to higher incidence rates [3-6].
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Table 1. Overview of prostate cancer patient
characteristics in the study

Sr. no Characteristic Sample count (n)
1 Sex
Male 50
Female 0
2 Age
>60 15
<60 35
3 Treatment
Pre-treatment 50
Post-treatment 0

Despite advancements in early detection and
treatment, prostate cancer exhibits a hetero-
geneous clinical course, ranging from indolent
tumors that may never cause symptoms to
aggressive forms that rapidly progress to meta-
static cancer [7, 8]. Understanding the genetic
underpinnings of prostate cancer is crucial for
improving risk stratification, prognostication,
and the development of targeted therapy.

Recent studies have highlighted the impor-
tance of germline mutations in several cancer
susceptibility genes in the pathogenesis of
prostate cancer. Mutations in genes such as
BRCA1, BRCA2, ATM, CHEK2, PALB2, RAD51C,
and RAD51D, and others have been associated
with increased risk and poor clinical outcome
[9-13]. The role of these genes in DNA damage
repair and genomic stability underscores their
relevance in cancer biology. For instance,
BRCA1 and BRCA2 mutations, well-known for
their association with breast and ovarian can-
cers, are also implicated in aggressive prostate
cancer phenotypes [14, 15]. Similarly, muta-
tions in mismatch repair genes like MLHZ1,
MSH2, MSH6, and PMS2 are linked to Lynch
syndrome, which includes a predisposition to
prostate cancer [16-18].

Recently, next-generation sequencing (NGS)
technology has emerged as a powerful tool for
comprehensive genetic profiling [19]. NGS al-
lows for the simultaneous analysis of multiple
genes, offering detailed insight into the muta-
tional landscape of cancer [20]. This approach
has paved the way for personalized medicine,
where genetic information guides tailored treat-
ment strategies [21].

Our study aims to analyze genetic mutations in
14 key cancer susceptibility genes (BRCA1/2,
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ATM, CHEK2, PALB2, RAD51C, RAD51D, NBN,
CDH1, TP53, MLH1, MSH2, MSH6, and PMS2)
in prostate cancer patients using NGS. By eluci-
dating the mutation spectrum in these genes,
we seek to enhance our understanding of their
role in prostate cancer and identify targets for
therapeutic intervention. This research not only
contributes to the growing body of knowledge
on prostate cancer genetics but also has sig-
nificant implications for clinical practice in the
era of precision oncology.

Methods
Sample collection

We collected prostate cancer tissue samples
from 50 patients diagnosed with prostate can-
cer who visited Nishtar Hospital, Multan, Pa-
kistan, between 2021 and 2023 (Table 1). The
inclusion criteria for patient selection encom-
passed individuals with histologically confirmed
prostate cancer, irrespective of their cancer
stage or grade. Exclusion criteria were patients
who had received chemotherapy or radiothera-
py prior to tissue sample collection, so as to
avoid treatment-related alterations in genetic
material. The tissue samples were obtained
through transrectal ultrasound-guided (TRUS)
biopsy or radical prostatectomy, based on the
clinical requirements and treatment plans of
the patients. Each sample was immediately
placed in RNAlater® (Ambion, Austin, TX, USA)
solution to stabilize and protect RNA and DNA
until further processing. The samples were
then stored at -80°C until DNA extraction could
be performed. Informed consent was obtained
from all participants before sample collection,
in accordance with the ethical guidelines of the
Helsinki Declaration. This study was approved
by the Ethics Committee of Nishtar Medical
University, ensuring compliance with ethical
standards and patient confidentiality.

DNA and RNA extraction

From the collected prostate cancer tissue sam-
ples, DNA extraction was performed using the
organic method [22], ensuring high-quality and
intact genomic DNA suitable for NGS. Initially,
tissue samples were homogenized and lysed in
a buffer containing SDS and proteinase K, fol-
lowed by incubation at 56°C to ensure com-
plete protein digestion. The lysate was then
subjected to phenol-chloroform extraction to
separate DNA from proteins and other cellular
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debris. This step involved the addition of an
equal volume of phenol-chloroform-isoamyl
alcohol (25:24:1), followed by centrifugation to
separate the aqueous phase containing DNA.
The aqueous phase was carefully transferred to
a new tube, and DNA was precipitated using
cold ethanol. The DNA precipitate was then
washed with 70% ethanol, air-dried, and resus-
pended in TE buffer (Tris-EDTA) for storage.

For RNA extraction, the TRIzol® (Thermo Fi-
sher Scientific, Waltham, MA, USA) method [23]
was used, ensuring efficient isolation of high-
quality total RNA. Tissue samples were homog-
enized in TRIzol® reagent, which facilitates the
disruption of cells and the denaturation of pro-
teins. Following homogenization, chloroform
was added to the mixture, which was then vig-
orously shaken and centrifuged to separate the
mixture into aqueous and organic phases. The
aqueous phase, containing RNA, was carefully
collected. To precipitate the RNA, isopropanol
was added to the aqueous phase. The resulting
RNA pellet was washed with 75% ethanol, air-
dried, and resuspended in RNase-free water for
storage.

The purity of the extracted DNA and RNA was
assessed using the A260/A280 ratio, mea-
sured by a NanoDrop spectrophotometer (Ther-
mo Fisher Scientific). A ratio of approximately
1.8 for DNA and 2.0 for RNA was considered
indicative of high purity, ensuring that the nu-
cleic acids were free from protein contamina-
tion and suitable for downstream applications.
High-purity DNA and RNA were crucial for the
reliability and accuracy of the NGS and other
molecular analyses conducted in this study.

Next Generation Sequencing (NGS) analysis

For our next-generation sequencing library
preparation, we employed the TruSight Cancer
Sequencing Panel, a readily available targeted
sequencing kit, and utilized the MiSeq platform
by lllumina (San Diego, CA). All steps were car-
ried out in strict accordance with the manufac-
turer’'s recommended protocols. To provide a
brief overview of our approach, we initiated
library preparation with 50 ng of genomic DNA
for each sample, employing the TruSight Rapid
Capture and TruSight Cancer kits. The resultant
double-stranded DNA libraries were subse-
quently transformed into single-stranded DNA.
To target specific regions, we employed biotin-
labeled probes in the first rapid capture step.
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Streptavidin beads were introduced to enrich
the pool of mixed samples for the desired tar-
get regions. Biotinylated DNA fragments bound
to the streptavidin beads were then isolated
from the solution using magnetic pull-down.
After this, the enriched DNA fragments were
eluted from the beads and subjected to a sec-
ond rapid capture step. Finally, the prepared
libraries were applied to the MiSeq Flowcell
for sequencing. Subsequently, the paired se-
quences from each sample were aligned to
the human genome reference GRCh37/hg19
using BWA-MEM version 0.7.7. Duplicate
sequences were identified and marked with
Picard’s MarkDuplicates version 1.111 (avail-
able at https://github.com/broadinstitute/pi-
card), and local InDel realignment was con-
ducted using the Genome Analysis Tool Kit
(GATK) version 3.1.1. The TruSight Cancer
panel encompasses 94 genes associated with
both common (e.g., breast, prostate) and rare
cancers. Among these, we focused our analysis
on 14 specific genes (BRCA1/2, ATM, CHEK2,
PALB2, RAD51C, RAD51D, NBN, CDH1, TP53,
MLH1, MSH2, MSH6, PMS2) using the SeqNext
module within the Sequence Pilot software by
JSI medical systems GmbH in Kippenheim,
Germany. Our sequencing achieved a medium
sequence depth of 400x%, with a minimum of
30x coverage for the coding regions and the
first 10 base pairs of flanking intronic regions
for each gene.

The interpretation of genetic mutations fol-
lowed the comprehensive guidelines set by the
American College of Medical Genetics (ACMG)
and the Association for Molecular Pathology
(AMP). These guidelines categorize mutations
into five classifications: pathogenic, likely pa-
thogenic, variants of uncertain significance
(VUS), likely benign, and benign. Furthermore,
we utilized the ClinVar database to obtain valu-
able clinical significance data, which aggre-
gates information on genomic variations and
their health implications. By integrating these
computational tools with ClinVar’s clinical data,
we ensured a robust and reliable classification
of mutations. This approach supported accu-
rate clinical decision-making and enhanced our
understanding of the genetic contributions to
disease.

Genome aggregation database (gnomAD)

The gnomAD database is a comprehensive
resource that aggregates and harmonizes
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exome and genome sequencing data from a
wide range of large-scale sequencing projects
[24]. It includes data from over 140,000 indi-
viduals, providing extensive information on
human genetic variation. gnomAD is widely
used for research and clinical interpretation,
offering insight into population-specific allele
frequencies and aiding in the identification of
rare genetic variants associated with diseases.
In this study, this database was utilized to ana-
lyze the frequencies of the observed mutations
across prostate cancer patients from an Asian
population.

cBioPortal database

The cBioPortal for Cancer Genomics is an open-
access resource designed to provide visualiza-
tion, analysis, and download of large-scale can-
cer genomics datasets [25]. It integrates data
from prominent cancer studies, including The
Cancer Genome Atlas (TCGA) and the Inter-
national Cancer Genome Consortium (ICGC).
cBioPortal offers tools for exploring genetic
alterations, such as mutations, copy number
variations, and gene expression changes, facili-
tating the discovery of cancer biomarkers and
therapeutic targets. In this work, cBioPortal
database wasused for analyzing the occur-
rence of observed mutations in prostate can-
cer patients from The Cancer Genome Atlas
(TCGA) project.

RT-gPCR analysis

Using a reverse transcription kit from Promega
(USA), 3 ug of RNA was reverse transcribed into
cDNA in a 20 L reaction system. Quantitative
polymerase chain reaction (QPCR) was then
performed using the 2x SYBR Green gPCR
Master Mix (Low ROX) (Cat #: B21702, Bimake,
USA). The reaction mixture, totaling 20 uL, com-
prised 10 yL of 2x SYBR Green qPCR Master
Mix (Low ROX), 6 uL of nuclease-free water, 0.2
UM of each primer, and 2 uL of cDNA products.
Relative gene expression was determined using
the 2-22¢T method.

The following primer sequences were used:
GAPDH sense: 5-GTCTCCTCTGACTTCAACAG-
CG-3’, GAPDH antisense: 5-ACCACCCTGTT-
GCTGTAGCCAA-3’; BRCAL sense: 5-CTGAAGA-
CTGCTCAGGGCTATC-3’, BRCA1 antisense: 5'-
CTGAAGACTGCTCAGGGCTATC-3’; BRCA2 sen-
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se:  5-GAAAATCAAGAAAAATCCTTAAAGGCT-3’,
BRCA2 antisense: 5-GTAATCGGCTCTAAAGAA-
ACATGATG-3’; TP53 sense: 5-CCTCAGCATCT-
TATCCGAGTGG-3’, TP53 antisense: 5-TGGATG-
GTGGTACAGTCAGAGC-3’; PMS2 sense: 5'-TATC-
GGCTCTGTGTTTGGGCAG-3', PMS2 antisense:
5'-AGCATCGGAACAGCTCAAACCG-3..

Immunohistochemistry

A previously established protocol for immuno-
histochemistry was followed in this study [26].
Briefly, tissue sections underwent deparaf-
finization, and antigen retrieval was performed
by heat treatment in an EDTA solution at pH
8.0. Protein expression levels of the mutated
genes were evaluated using 4-um-thick sec-
tions from formalin-fixed, paraffin-embedded
(FFPE) specimens. Monoclonal antibodies tar-
geting BRCA1 (Cat # TA802618AM), BRCA2
(Cat # TA802628), and TP53 (Cat # TA502870)
were used, with staining conducted on the
Ventana BenchMark XT staining system. A
pathologist assessed tumor positivity based
on the presence or absence of nuclear staining
in tumor tissue, taking staining intensity into
account.

Gene enrichment analysis

The Database for Annotation, Visualization,
and Integrated Discovery (DAVID) is a bioinfor-
matics resource that provides comprehensive
functional annotation tools for researchers to
understand the biological meaning behind
large lists of genes [27]. DAVID integrates di-
verse data sources to facilitate gene enrich-
ment analysis, allowing users to explore gene
functions, biological processes, and pathways.
It supports a wide range of genomic studies,
enhancing the interpretation of high-through-
put data and contributing to advancements in
molecular biology and genetics research. In the
present study, DAVID tool was used to perform
gene enrichment analysis of mutated genes in
prostate cancer patients.

Drug sensitivity analysis

The Gene Set Cancer Analysis (GSCA) tool,
developed by Guo Lab, is a comprehensive bio-
informatics platform designed to analyze gene
sets in the context of cancer [28]. It integrates
various data types, including genomic muta-
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tions, expression profiles, and drug responses,
to provide insights into cancer biology. GSCA
allows researchers to explore the relationships
between gene sets and cancer phenotypes,
facilitating the identification of potential bio-
markers and therapeutic targets. This tool
enhances our understanding of the molecular
mechanisms driving cancer progression and
treatment resistance. In this study, GSCA was
utilized for the drug sensitivity analysis of
mutated genes in prostate cancer patients.

Statistics

A Student’s t-test was employed to compare
the two groups. Receiver operating curve analy-
sis (ROC) curves were utilized to evaluate the
diagnostic values of the mutated genes.

Results

Mutations landscape across prostate cancer
patients

We analyzed genetic mutations in 14 cancer-
susceptible genes in ovarian cancer patients
through NGS technology. Our results revealed
mutations in four genes: BRCA1, BRCA2, TP53,
and PMS2. In the BRCAL gene, we identified
two pathogenic mutations, ¢.181T>G (p.
Cys61Gly) and c¢.2457delC (p.Ala819fs), found
in 10 patients (Table 2 and Figure 1), along
with three benign mutations, ¢.5357T>G (p.
Leul786Arg), ¢.1111T>C (p.Leu371Pro), and
¢.1201C>G (p.Thr401Arg), present in 13, 11,
and 15 patients, respectively (Table 2 and
Figure 1). For the BRCA2 gene, one pathogenic
mutation, ¢.6275_6276del (p.Val2092fs), was
detected in 10 patients, and four benign muta-
tions, ¢.5347A>T (p.Met1783Leu), c.5198A>G
(p.Aspl1733Gly), ¢.5158A>G (p.Thr1720Ala),
and ¢.5117G>C (p.Gly1706Ala), were found in
17, 21, 34, and 12 patients, respectively (Table
2 and Figure 1). In the TP53 gene, we found
two pathogenic mutations, ¢.1014_1015insT
(p.Glu339Ter) and ¢.916C>T (p.Arg306Ter), in
10 and 11 patients, respectively, and two
benign mutations, ¢.311T>C (p.Ser104Pro) and
€.1129C>T (p.Arg377Cys), in 8 and 9 patients,
respectively (Table 2 and Figure 1). Lastly, the
PMS2 gene exhibited multiple benign muta-
tions. Notably, ¢.1532C>T (p.Thr511Met) was
found in 5 patients, while ¢.1531A>G (p.
Thr511Ala) appeared in 11 patients (Table 2
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and Figure 1). Additional mutations included
c.1452G>A (p.Lys484Lys) in 12 patients,
¢.2002A>G (p.Asn668Ser) in 11 patients, and
€.2184G>A (p.Lys728Lys) in 3 patients. The
€.2244T>C (p.Glu748Glu) mutation was identi-
fied in 11 patients, ¢.2522A>G (p.lle841Val)
in 1 patient, and ¢.2565G>A (p.Leu855Leu)
in 5 patients. Furthermore, ¢.2634T>C (p.
Ser878Ser) was found in 7 patients, ¢.2724C>T
(p.Pro908Pro) in 4 patients, and ¢.2748C>T
(p-Ala916Ala) in 13 patients. Other mutations
such as ¢.2907T>C (p.Tyr969Tyr), ¢.3003G>A
(p.GIn1001GIn), and ¢.3144T>C (p.Ser1048-
Ser) were present in 21, 12, and 23 patients,
respectively. The mutation ¢.3216C>T (p.Asp-
1072Asp) appeared in 2 patients, ¢.3276G>A
(p.Leu1092Leu) in 1 patient, and ¢.3420T>C
(p.Val1140Val) in 6 patients. Lastly, c.3579A>G
(p-Arg1193Arg) was found in 11 patients,
¢.3720C>T (p.Pro1240Pro) in 14 patients,
¢.3801G>A (p.Glu1267Glu) in 16 patients, and
¢.3900A>G (p.lle1300lle) in 12 patients (Table
2 and Figure 1). Overall, our findings reveal a
diverse array of mutations in the PMS2 gene
among prostate cancer patients.

Frequencies of the pathogenic mutations in
Asian prostate cancer patients

NGS analysis revealed several pathogenic
mutations: in the BRCA1 gene, ¢.181T>G
(p.Cys61Gly) and ¢.2457delC (p.Ala819fs) were
found in 10 patients; in the BRCA2 gene,
€.6275_6276del (p.Val2092fs) was detected
in 10 patients; and in the TP53 gene,
¢.1014_1015insT (p.Glu339Ter) and ¢.916C>T
(p-Arg306Ter) were found in 10 patients. Given
the clinical significance of pathogenic muta-
tions, we further analyzed their frequency in the
Asian population using the gnomAD database.
Our investigation revealed that these patho-
genic mutations have a frequency of O in the
Asian population according to gnomAD. This
finding suggests that these mutations are rare
in our Pakistani population, highlighting their
potential significance and the necessity for tar-
geted genetic screening within this demograph-
ic to identify at-risk individuals and tailor per-
sonalized treatment strategies.

Analysis of the pathogenic mutations in The
Cancer Genome Atlas (TCGA)

In this part of our study, we thoroughly in-
vestigated the presence of identified patho-
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Table 2. Frequency and classification of mutations detected in

the BRCA1, BRCA2, TP53, and PMS2 genes among prostate
cancer patients

S. Gene NM. DNA Protein Nature NO'
patients

1 BRCA1 NM_007294.4 p.Cys61Gly  Pathogenic 10
c.181T7>G

2 NM_007294.4 p.Ala819fs Pathogenic 10
c.2457delC

3 NM_007294.4 p.Leul786Arg Benign 13
c.5357T>G

4 NM_007294.4 p.Leu371Pro Benign 11
c.11117>C

5 NM_007294.4 p.Thr401Arg Benign 15
¢.1201C>G

6 BRCA2 NM_000059.4 p.Val2092fs  Pathogenic 10
c.6275_6276del

7 NM_007294.4 p.Met1783Leu Benign 17
c.5347A>T

8 NM_007294.4 p.Aspl733Gly Benign 21
c.5198A>G

9 NM_007294.4 p.Thr1720Ala Benign 34
c.5158A>G

10 NM_007294.4 p.Gly1706Ala Benign 12
¢.5117G>C

11 TP53 NM_000546.6 p.Glu339Ter Pathogenic 10
¢.1014_1015insT

12 NM_000546.6 p.Arg306Ter  Pathogenic 10
c.916C>T

13 NM_000546.6 p.Ser104Pro Benign 8
¢.3117>C

14 NM_000546.6 p.Arg377Cys Benign 9
c.1129C>T

15 PMS2 NM_000535.7 p.Thr511Met Benign 5
c.1532C>T

16 NM_000535.7 p.Thr511Ala Benign 11
c.1531A>G

17 NM_000535.7 p.Lys484Lys Benign 12
c.1452G>A

18 NM_000535.7 p.Asn668Ser Benign 11
¢.2002A>G

19 NM_000535.7 p.Lys728Lys Benign 3
c.2184G>A

20 NM_000535.7 p.Glu748Glu Benign 11
c.22447>C

21 NM_000535.7 p.lle841Va Benign 1
c.2522A>G

22 NM_000535.7 p.Leu855Leu Benign 5
c.2565G>A

23 NM_000535.7 p.Ser878Ser Benign 7
€.2634T>C

24 NM_000535.7 p.Pro908Pro Benign 4
c.2724C>T
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genic mutations in the BRCA1
gene (c.181T>G, p.Cys61Gly, and
c.2457delC, p.Ala819fs), the
BRCA2 gene (c.6275_6276del,
p.Val2092fs), and the TP53 gene
(.1014_1015insT, p.Glu339Ter,
and ¢.916C>T, p.Arg306Ter) with-
in the TCGA prostate cancer
patient cohort, utilizing the cBio-
Portal database. Our detailed an-
alysis confirmed that these spe-
cific pathogenic mutations were
absent in the TCGA prostate can-
cer patients, as they were not
detected in the TCGA dataset
(Figure 2). This significant finding
highlights the exceptional rarity of
the pathogenic mutations identi-
fied in our study.

Functional consequence analy-
ses of the observed pathogenic
mutations

RT-qPCR analysis: We catego-
rized prostate cancer tissue sam-
ples into two distinct groups. The
first group consisted of 10 pros-
tate cancer samples with docu-
mented pathogenic mutations in
the BRCA1, BRCA2, and TP53
genes (Pathogenic group), while
the second group included 40
prostate cancer samples without
such pathogenic mutations (Non-
pathogenic group). We then per-
formed an expression analysis of
BRCA1, BRCA2, and TP53 genes
in these two cohorts using RT-
gPCR. The box plots in Figure
3A reveal that all three genes
(BRCA1, BRCA2, and TP53) show
decreased expression in the
Pathogenic group, indicating an
association with pathogenic mu-
tations. The ROC curves and AUC
values illustrate the discriminato-
ry power of these genes: BRCA2
has the highest AUC (0.796), sug-
gesting it is the most effective
in distinguishing between the
groups, followed by TP53 (AUC
0.728) and BRCA1 (AUC 0.694)
(Figure 3B). These results imply
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25 NM_000535.7 p.Ala916Ala Benign 13
c.2748C>T
26 NM_000535.7 p.Tyr969Tyr Benign 21
€.2907T>C
27 NM_000535.7 p.GIn1001GIn Benign 12
¢.3003G>A
28 NM_000535.7 p.Ser1048Ser Benign 23
€.31447>C
29 NM_000535.7 p.Aspl1072Asp Benign 2
c.3216C>T
30 NM_000535.7 p.Leu1092Leu Benign 1
€.3276G>A
31 NM_000535.7 p.Val1140Val Benign 6
€.3420T>C
32 NM_000535.7 p.Arg1193Arg Benign 11
c.3579A>G
33 NM_000535.7 p.Pro1240Pro Benign 14
c.3720C>T
34 NM_000535.7 p.Glu1267Glu Benign 16
¢.3801G>A
35 NM_000535.7 p.lle1300lle Benign 12
¢.3900A>G
Mutation Counts in Different Genes
15
10
3 1 Pathggenic
5
i -
BRCA1 BRCA2 PMS2 TP53
Gene

Figure 1. Total mutation count for each gene. This bar chart illustrates
the total mutation count for each gene analyzed in the study, specifi-
cally BRCA1, BRCA2, TP53, and PMS2. The mutations are categorized
into benign and pathogenic, with benign mutations represented in blue
and pathogenic mutations in red. BRCA1 shows a total of five mutations,
three benign and two pathogenic. BRCA2 has the highest number of mu-
tations, totaling five, with four benign and one pathogenic. TP53 also has
an equal number of benign and pathogenic mutations, each accounting
for two out of the four total mutations. PMS2 shows sixteen benign muta-
tions without any pathogenic mutations. This visualization underscores
the distribution and frequency of benign versus pathogenic mutations
across the different genes studied in prostate cancer patients.

NGS analysis in prostate cancer patients

that while all three genes are
down-regulated in the presence
of pathogenic mutations, BRCA2
is the most promising biomarker
for identifying such mutations in
prostate cancer samples.

Immunohistochemistry: In  our
study, we conducted IHC analysis
of BRCA1, BRCA2, and TP53 pro-
teins in two representative pros-
tate cancer tissue samples. The-
se samples were carefully chosen
to represent two distinct genetic
profiles: one with pathogenic mu-
tations in the BRCA1, BRCA2, and
TP53 genes, and the other with-
out mutations in these genes.
The immunohistochemical stain-
ing results for BRCA1, BRCA2,
and TP53 in prostate cancer tis-
sue samples show a clear dis-
tinction between samples without
pathogenic mutations and those
with pathogenic mutations. For
all three genes, samples without
pathogenic mutations exhibited
high staining intensity, indicating
higher protein expression levels
(Figure 4). In contrast, samples
with pathogenic mutations dem-
onstrated low staining intensity,
reflecting reduced protein expres-
sion (Figure 4). This pattern sug-
gests that the presence of pa-
thogenic mutations in BRCA1,
BRCA2, and TP53 genes is asso-
ciated with decreased expression
of these tumor suppressor pro-
teins, aligning with the gene
expression data and highlighting
the potential impact of these
mutations on protein expression
in prostate cancer.

Gene enrichment analysis: DAVID
tool was used to perform gene
enrichment analysis of the mutat-
ed genes (BRCA1, BRCA2, TP53,
and PMS2). Figure 5 presents a
comprehensive analysis of the
functional enrichment, highlight-
ing significant biological process-
es (BP), molecular functions (MF),
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Figure 2. Mutation analysis of BRCA1, BRCA2, and TP53 in The Cancer Genome Atlas (TCGA) prostate cancer
samples. The figure provides a comprehensive overview of mutations in the TP53, BRCA2, and BRCA1 genes across
495 prostate cancer samples, highlighting the percentage of samples altered. The top panel presents a heatmap
illustrating the distribution of different mutation types, including missense mutations (green), nonsense mutations
(red), splice site mutations (purple), frame shift insertions (pink), frame shift deletions (blue), and multi-hit events
(black). The bottom panel maps the specific mutation sites on the BRCA1, BRCA2, and TP53 protein domains, with
green dots representing the positions and number of patients affected. Key functional domains are indicated on
the protein maps, including the BRCT domain in BRCA1, the BRC repeats in BRCA2, and the P53 and P53_tetra
domains in TP53.

A g Fold Gene Expression
g BRCA1 BRCA2 TP53
9 (] 3.0 6 .
22 38 5 L] Group
o ’ < H Non-Pathogenic
Q 4 1.5 3 .
% 10 2 . Pathogenic
_g’ 05
B Q;(.\\ Q)(.\\o Q&O Q)(.\\O Q)(-\\O Q)&o
% 8 ‘\og ‘\Oq (\oQ \(\QQ O )
> & & & & &
052 Q QQ Q QSZ Q
eo \AO %O
B BRCA1 BRCA2 TP53
1.00 1.00 1.00
E‘O'YS €0.75 QO.YS
2 = &
w050 » 050 w050
& c =
o) [0} o)
D025 D025 D025
AUC: 0.694 AUC: 0.796 AUC:0.728 |
0.00 o 0.00 5k 0.00 it
1.00 0.75 0.50 0.25 0.00 1.00 0.75 050 0.25 0.00 1.00 0.75 0.50 0.25 0.00
1 - Specificity 1 - Specificity 1 - Specificity

Figure 3. Differential gene expression and ROC analysis for pathogenic vs. non-pathogenic groups of prostate can-
cer samples. A. Box plots showing the fold gene expression levels of BRCAL, BRCA2, and TP53 in non-pathogenic
(red) and pathogenic (blue) groups. Each plot displays the distribution of gene expression levels with median values
indicated by the central line and interquartile ranges represented by the boxes. B. Receiver Operating Characteristic
(ROC) curves for BRCA1, BRCA2, and TP53, evaluating their ability to distinguish between pathogenic and non-
pathogenic groups. Sensitivity (true positive rate) is plotted against 1-specificity (false positive rate) for each gene.
The Area Under the Curve (AUC) values are provided for each ROC curve, with BRCA1 showing an AUC of 0.694,
BRCA2 an AUC of 0.796, and TP53 an AUC of 0.728, indicating the discriminative power of each gene in identifying
pathogenic cases. A P<0.05 was used as the cut-off criterion.

cellular components (CC), and pathways. In CC
analysis (Figure 5A), highly enriched compo-
nents include “condensed chromosome, mi-
crotubule organizing center, centrosome, syn-
aptonemal complex, and BRCA1-related com-
plexes”, indicating a strong association with
chromosome structure and DNA repair me-
chanisms. Figure 5B focuses on MF, revealing
significant enrichment in “H3 histone acetyl-
transferase activity, various protein binding
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activities, and histone deacetylase regulator
activity”, underscoring the importance of epi-
genetic regulation and protein interactions in
these mutations. Figure 5C examines BP, sh-
owing enrichment in “DNA damage response,
regulation of DNA replication, mitotic cell cycle
checkpoint signaling, and apoptotic signaling
pathways”, which are critical for maintaining
genomic stability and cellular response to DNA
damage. Finally, Figure 5D illustrates pathway

Am J Transl Res 2024;16(9):4450-4465



NGS analysis in prostate cancer patients

A BRCA1 B BRCA2
Prostate cancer sample without Prostate cancer sample with

Prostate cancer sample without  Prostate cancer sample with

pathogenic mutations hogenic mutations

7A;

Staining: High Staining: Low

c P53

Prostate cancer sample without  Prostate cancer sample with
pathogenic mutations pathogenic mutations

Staining: Low

enrichment, with significant involvement in can-
cer-related pathways such as “PI3K-Akt signal-
ing, P53 signaling, and the Fanconi anemia
pathway”, emphasizing their roles in cell grow-
th, survival, DNA repair, and apoptosis. Overall,
these results highlight the pivotal roles of these
mutated genes in crucial cellular functions and
pathways that contribute to prostate cancer
progression and response to treatment.

Drug sensitivity analysis: Next, the drug sensi-
tivity analysis of BRCA1, BRCA2, and TP53 was
performed using GSCA database. The results
show that TP53 does not significantly affect
drug sensitivity, as evidenced by the predomi-
nantly small and grey circles (Figure 6). In con-
trast, both BRCA1 and BRCA2 exhibit signifi-
cant negative correlations with all the drugs
tested, indicated by the large, dark blue circles
with black borders (Figure 6). This suggests
that lower expression levels of BRCA1 and
BRCA2 are associated with increased sensitiv-
ity to a wide range of drugs, including sotras-
taurin, 3-CI-AHPC, BI-2536, BRD-K65433903,
CD-437, chlorambucil, ciclopirox, clofarabine,
COL-2, cytarabine hydrochloride, decitabine,
doxorubicin, etoposide, gemcitabine, GSK-
461364, indisulam, KW-2449, mitomycin C,
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Figure 4. Immunohistochemical staining of BRCA1,
BRCA2, and TP53 in pathogenic vs. non-pathogenic
prostate cancer samples. A. Immunohistochemical
staining results for BRCA1 between samples with and
without pathogenic mutations. B. Immunohistochem-
ical staining results for BRCA2 between samples with
and without pathogenic mutations. C. Immunohisto-
chemical staining results for TP53 between samples
with and without pathogenic mutations.

MK-1775, narcidase, PHA-793887, PI-103,
SB-743921, SNX-2112, teniposide, topotecan,
triazolothiadiazine, and vincristine (Figure 6).

Discussion

Prostate cancer is a heterogeneous disease
characterized by a variety of histologic sub-
types and genetic alterations [29, 30]. It can
be one of the most lethal malignancies due to
its often late diagnosis and complex biology
[30]. Genetic mutations, particularly in genes
involved in DNA repair mechanisms such as
BRCA1, BRCA2, and TP53, play a significant
role in the pathogenesis of prostate cancer [31-
33]. Understanding the landscape of these
mutations can aid in developing targeted thera-
pies and improving patient outcome.

Our study provides a comprehensive analysis
of the mutation landscape in prostate can-
cer, focusing on 14 cancer-susceptible genes
(BRCA1/2, ATM, CHEK2, PALB2, RAD51C,
RAD51D, NBN, CDH1, TP53, MLH1, MSH2,
MSH6, and PMS2) using NGS technology. This
approach has revealed a diverse array of mu-
tations in BRCA1, BRCA2, TP53, and PMS2
genes. We identified pathogenic mutations in
BRCA1 (c.181T>G, p.Cys61Gly; c.2457delC, p.
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Figure 5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of BRCA1, BRCA2, and TP53 Genes via Database for Annotation,
Visualization, and Integrated Discovery (DAVID). A. BRCA1, BRCA2, and TP53 genes-related Cellular Component (CC) terms. B. BRCA1, BRCA2, and TP53 genes-
related Molecular Function (MF) terms. C. BRCA1, BRCA2, and TP53 genes-related Biological Process (BP) terms. D. BRCA1, BRCA2, and TP53 genes-related KEGG
pathway terms. A p-value of less than 0.05 was used as the cut-off criterion for significance.
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Figure 6. Correlation between CTRP Drug Sensitivity and mRNA Expression of BRCA1, BRCA2, and TP53. The dot
plot illustrates the correlation between drug sensitivity (measured in the CTRP database) and mRNA expression
levels of three genes: BRCA1, BRCA2, and TP53. Each row corresponds to a different gene, and each column rep-
resents a specific drug. The color intensity of the dots indicates the strength of the negative correlation, with darker
shades of blue representing stronger negative correlations. The size of the dots reflects the significance of the cor-
relation, as measured by the -log, (FDR) value. Larger dots indicate more significant correlations (lower FDR values),
and a filled dot signifies an FDR of <0.05, whereas an open dot indicates an FDR >0.05. The drugs are listed along
the x-axis and include a variety of chemotherapeutic agents and other compounds.

Ala819fs) and BRCA2 (c.6275_6276del, p.
Val2092fs) in Pakistani cohort of prostate can-
cer patients. These mutations are known to be
associated with increased cancer risk due to
their critical roles in homologous recombina-
tion repair of DNA double-strand breaks [34,
35]. Earlier studies have reported similar patho-
genic variants in BRCA1 and BRCA2 among dif-
ferent cancer types, including breast and ovar-
ian cancers, highlighting their universal signi-
ficance in cancer biology [36-38]. However,
our findings indicate that these specific muta-
tions are rare in the broader Asian population,
as evidenced by their absence in the gnomAD
database, which emphasizes the importance of
population-specific genetic screening.

The detection of pathogenic TP53 mutations
(c.1014_1015insT, p.Glu339Ter; ¢.916C>T, p.
Arg306Ter) aligns with the well-documented
role of TP53 as a tumor suppressor gene fre-
quently mutated in various cancers [39, 40].
Our results are consistent with existing litera-
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ture that underscores the prevalence and
significance of TP53 mutations in cancer pro-
gression and prognosis [41, 42]. Similarly,
the identified benign mutations in PMS2
(€.1532C>T, p.Thrb11Met; ¢.1531A>G, p.Thr-
511Ala) add to the growing body of evidence
that variations in mismatch repair genes, while
not always pathogenic, can contribute to can-
cer susceptibility and genetic diversity within
populations [43, 44].

Our functional analyses using RT-qPCR and
immunohistochemistry (IHC) demonstrated de-
creased expression of BRCA1l, BRCA2, and
TP53 in samples harboring pathogenic muta-
tions. This reduction in gene and protein ex-
pression is indicative of the functional impact
these mutations have on the tumor suppressor
capabilities of these genes. Our findings are in
line with previous studies that have shown
similar patterns of down-regulation in BRCAL1
and BRCA2-mutated breast and ovarian cancer
[45, 46]. Additionally, the ROC curve analysis
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highlighted BRCA2 as the most effective bio-
marker for distinguishing between pathogenic
and non-pathogenic groups, suggesting its
potential utility in clinical diagnostics.

Gene enrichment analysis revealed significant
associations with key biological processes,
molecular functions, and cellular components
involved in DNA repair, cell cycle regulation, and
apoptotic pathways. These results corroborate
earlier research emphasizing the critical roles
of BRCA1, BRCA2, TP53, and PMS2 in main-
taining genomic stability and cellular homeo-
stasis [47, 48]. The enrichment in cancer-relat-
ed pathways such as PI3K-Akt signaling and
p53 signaling further highlights the relevance
of these genes in oncogenesis and therapy
response [49].

Our drug sensitivity analysis indicated that
BRCA1 and BRCA2 mutations are associated
with increased sensitivity to a range of chemo-
therapeutic agents. This finding supports the
concept of synthetic lethality, where BRCA1/2-
deficient cells are more susceptible to DNA-
damaging agents and PARP inhibitors [50]. In
contrast, TP53 did not show a significantimpact
on drug sensitivity, which may reflect the com-
plexity of p53-mediated drug responses and
the influence of other genetic and epigenetic
factors [51].

This study offers several significant merits,
including the comprehensive analysis of muta-
tions in 14 cancer-susceptible genes using
NGS technology, which provides a detailed
landscape of genetic alterations in prostate
cancer patients. The functional consequence
analyses through RT-gPCR and immunohisto-
chemistry add a robust layer of validation to the
genetic findings, linking mutations to changes
in gene and protein expression. The study’s
focus on population-specific mutations, partic-
ularly in a Pakistani cohort, addresses a critical
gap in existing literature and underscores the
need for tailored genetic screening strategies.
Additionally, the integration of gene enrichment
and drug sensitivity analyses provides a holistic
view of the biological and therapeutic implica-
tions of the identified mutations. However, the
study also has limitations. The relatively small
sample size limits the generalizability of the
findings, and the absence of functional valida-
tion in cellular or animal models restricts the
ability to draw definitive conclusions about the
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biological impact of the mutations. Further-
more, the lack of longitudinal data prevents
assessment of the mutations’ prognostic sig-
nificance and their potential role in disease
progression and treatment response over time.
Despite these limitations, the study makes a
valuable contribution to the understanding of
genetic mutations in prostate cancer and high-
lights avenues for future research.

Conclusion

Our study provides valuable insight into the
mutational landscape of key cancer-suscepti-
ble genes in prostate cancer. The identified
pathogenic mutations in BRCA1, BRCA2, and
TP53, along with their functional consequenc-
es and implications for drug sensitivity, under-
score the importance of targeted genetic
screening and personalized treatment strate-
gies. Our findings contribute to the growing
understanding of the genetic underpinnings of
prostate cancer and highlight the need for fur-
ther research to explore the therapeutic poten-
tial of these insights.
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